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Introduction
Microeukaryotic plankton (0.2-200 μm) are extremely diverse and play essential roles in the structure and function of global aquatic ecosystems (Shen et al. 1990; Finlay & Fenchel 2004; Adl et al. 2012; Cardinale et al. 2012; de Vargas et al. 2015; Pernice et al. 2016) . This makes understanding this diversity a major ecological goal (Green & Bohannan 2006) .
Microbial eukaryotic diversity has been studied through light microscopy ever since the work of the early microscopists of the European Enlightenment, such as Antoni van Leeuwenhoek and Robert Hooke (Gest 2004 ). This history of over 350 years of microscopy had produced extensive data sets based on morphological features observable in light microscopy (Fenchel 1987; Shen et al. 1990; Reynolds 2006) . In recent decades molecular approaches have become more important, and the SSU rRNA gene has been widely used in microbial ecology on an unprecedented scale (Bik et al. 2012; Thomsen & Willerslev 2015) . The analysis of phylogenetic diversity using molecular methods can provide an important supplement to microscope-based approaches for accurately identifying planktonic microbial eukaryotes, in part because some extremely small eukaryotes (e.g. pico-or nano-eukaryotes) are difficult to observe or distinguish by light microscopy, and in addition, morphologically similar individuals may belong to different cryptic species or morphologically distinct types may be from the same species (Medinger et al. 2010; Boenigk et al. 2012; Gomaa et al. 2015; Santoferrara et al. 2015) . Recently, several SSU rRNA gene-based studies have successfully described and characterized microeukaryotic plankton in aquatic systems (most of them from marine ecosystems, e.g. Edgcomb et al. 2011; Pawlowski et al. 2011; de Vargas et al. 2015; Massana et al. 2015; Yu et al. 2015; Pernice et al. 2016) . To date, however, our limited knowledge on microeukaryotic phylogenetic diversity has hindered the development of
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Unlike molecular surveys of aquatic prokaryotic communities which are easily separated from large eukaryotic plankton by using the 16S SSU rRNA gene (Zinger et al. 2012) , it is difficult to separate the microeukaryotic plankton community from the large eukaryotes by directly using the 18S SSU rRNA gene (Bik et al. 2012; Massana & Logares 2013) . To overcome this problem, previous molecular studies of microeukaryotic diversity have often used size-fractionated samples to separate microeukaryotic plankton from large organisms, an approach which has long been used in traditional microscopy based plankton studies (Hardy 1956 ). Many of these molecular studies have used 200 μm pore-size sieves to remove large organisms (Countway et al. 2007; Amaral-Zettler et al. 2009; Cheung et al. 2010; Schnetzer et al. 2011; Kim et al. 2012; Jones et al. 2013; Santoferrara et al. 2014; Wang et al. 2015; Abad et al. 2016) . Although the traditional size-fractionated filtering approach has been very successful, this critical step may have some limitations. First, environmental DNA (eDNA) from large metazoan such as the cell or body breakage, excreta or epidermal cells of arthropoda, annelida, mollusca, nematoda, fish, mammals and insects, etc. (Bohmann et al. 2014 ) may remain in the smaller size fraction and contaminate the microbial eukaryotic communities (Thomsen & Willerslev 2015) . Second, the irregular body forms, colony forms, complex cell cycles and ontogenic processes (e.g. egg, sporocyst and larvae) could also allow large eukaryotes to pass through the sieve (Logares et al. 2014) . Therefore, if the limitations mentioned above commonly exist, we may not be effectively exploring the diversity of microeukaryotic plankton communities by such a sieving approach. To address this question, we determine whether the pre-filtering by a 200 μm pore-size sieve can be an accurate and reliable approach to collecting data on the microeukaryotic plankton community.
In this study, the eukaryotic plankton communities, with and without pre-filtering by a 200 μm pore-size sieve, were analyzed simultaneously from two subtropical reservoirs in Southeast China across four different seasons during 2013. Reservoirs have come to be especially important water sources in China, indeed Yang and Lu (2014) estimated that the total storage capacity of Chinese reservoirs is triple that of its lakes. The water quality of
This article is protected by copyright. All rights reserved. these reservoirs is obviously important for their role in supplying drinking water and closely linked to the planktonic microeukaryotic communities (Yang et al. 2016) . Over the last decade, with the rapid development of deep DNA sequencing, an increasing number of studies have started to investigate the tremendous diversity of microeukaryotic communities in a wide range of aquatic environments on an unprecedented scale (Bik et al. 2012; Yu et al. 2014; Yu et al. 2015; Thomsen & Willerslev 2015) . However, as described above, we still lack sufficient understanding about whether traditional size-fraction filtering (e.g. pre-filtering by a 200 μm pore-size sieve) can accurately and effectively discriminate the microeukaryotic plankton communities from large eukaryotic communities in DNA-based studies. In this study, we attempt to give a comprehensive answer to this question.
Materials and methods

Study area and sampling
Two reservoirs, Shidou Reservoir (SD) and Hubian Reservoir (HB), which are located in Xiamen, southeast China, were sampled in this study; detailed descriptions of these reservoirs were provided in a previous study (Yang et al. 2012) . Briefly, SD is a large (3.9 km 2 ) reservoir within a wooded catchment, while HB is a smaller (1.0 km 2 ) reservoir within an urban catchment. For each reservoir, three sampling stations representing three replicates were selected in the riverine zone, transitional zone, and lacustrine zone, respectively.
Surface water (upper 50 cm) was collected at each station of two reservoirs in January, April/May, July and October of 2013 (See Supplementary Table S1 for details of sample information). The water from each of the 48 replicates was divided into two sub-groups after thorough mixing: one for water chemistry analysis and the other for eukaryotic plankton community analyses. All samples were transported on ice to the laboratory, where they were used for the following treatments within 4 h of sampling.
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This article is protected by copyright. All rights reserved. (TP) and phosphate phosphorus (PO 4 -P) were analyzed according to standard methods (Greenberg et al. 1992) .
Physico-chemical analysis
DNA extraction, PCR and Illumina sequencing
For the planktonic eukaryotes in the 0.2-200 μm size fraction, ~500 mL water was pre-filtered through a 200 μm pore-size sieve and then sequentially filtered through a 0.2 μm pore-size polycarbonate membrane (47 mm diameter, Millipore, Billerica, MA, USA). For > 0.2 μm eukaryotes, ~500 mL water was filtered directly through a 0.2 μm pore-size polycarbonate filter. The 0.2-200 μm and > 0.2 μm eukaryotic communities were filtered at same time in a single sampling campaign. To reduce the likelihood of contamination, the filter bowls were rinsed successively by sterile water and sample water before each sample filtering. In total, eight 0.2-200 μm and eight > 0.2 μm eukaryotic community samples with 3 replicates in each sample were obtained from the two reservoirs. Total DNA of eukaryotic plankton community was extracted directly from the membrane using a FastDNA spin kit (Bio101, Carlsbad, CA, USA) according to the manufacturer's instructions. Before DNA extraction, the membrane that collected the 0.2-200 μm eukaryotes was cut into pieces using flame disinfected scissors, and then we scissored the membranes with > 0.2 μm eukaryotes. A set of primers with the barcode were used to amplify the hypervariable V9 region of the eukaryotic 18S rRNA gene. In this study, the forward primer was 1380F
(5'-CCCTGCCHTTTGTACACAC-3'), and the reverse primer was 1510R
(5'-CCTTCYGCAGGTTCACCTAC-3') (Amaral-Zettler et al. 2009 ). Each DNA sample
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Bioinformatics
In total, 3894571 raw paired-end reads were obtained from 48 replicates, these raw paired-end reads ranged from 45027 (minimum) to 154083 (maximum) with a mean of 81137 per replicate. Pairs of reads were merged by using FLASH and the mean of contig read length was 130 ± 0.006 s.e. (Magoč & Salzberg 2011) . Merged reads were then quality controlled by using the QIIME software package (Caporaso et al. 2010 ) with the following settings: maximum number of consecutive low-quality base = 3; minimum of continuous high-quality base = 75% of total read length; maximum number of ambiguous bases = 0, last quality score = 3. Chimeras were identified using UCHIME and discarded prior to further analysis (Edgar et al. 2011) . UPARSE pipeline were used to picking operational taxonomic units (OTUs) by making an OTU table (Edgar 2013) . Quality filtered reads were assigned to OTUs at 97% and 99% sequence similarity thresholds, respectively. Representative sequence from each OTU was blasted against the SILVA database (Release 115) (Quast et al. 2013) . Unassigned
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(sequence similarity to a reference sequence is < 80%), mammal (10 OTUs, 74 reads at 97% threshold), fish (2 OTUs, 12 reads at 97% threshold), higher plant (28 OTUs, 272 reads at 97% threshold), and singleton OTUs were removed before the downstream analyses. For our data analyses, we used a randomly selected subset of 36000 reads at 97% threshold and 30000 reads at 99% threshold from each replicate to standardize sequencing effort across all 48 replicates. The final total data set retained 1728000 and 1440000 reads at 97% and 99% sequence similarity levels, respectively.
Statistics
The Bray-Curtis similarity matrix is considered to be one of the most robust similarity coefficients for use in ecological studies (Kent 2012) and was applied to our community dataset of microbial eukaryotic read relative abundance at OTU level. A non-metric multidimensional scaling (NMDS) ordination was used to investigate differences in microbial eukaryotic communities between sites (Clarke & Gorley 2015) . We used RELATE to calculate the Spearman's rank correlations between the similarity matrices of > 0.2 μm and 0.2-200 μm eukaryotic plankton communities. RELATE works by calculating rank correlation between two matrices, thus provides a significance test with the matching coefficient ρ, which is equivalent to Mantel's test (Clarke & Gorley 2015) . All these analyses above were calculated in PRIMER 6.0.
We used a forward selection procedure to select the physico-chemical variables which were significantly correlated with spatiotemporal dynamics of the eukaryotic communities using the 'ordiR2step' function from vegan of R software (Blanchet et al. 2008) . Prior to the analysis, the physico-chemical variables were log(x+1) transformed, with the exception of pH, to improve normality and homoscedasticity. 
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Biological communities are normally composed of a few abundant and many rare species, and such pattern is particularly prominent in natural microbial communities as most taxa are usually extremely rare (Logares et al. 2014 ). Abundant and rare microbial subcommunities may have fundamentally different characteristics and ecological roles (Liu et al. 2015) . The abundant and rare taxa were defined in accordance with previous studies (Logares et al. 2014; Liu et al. 2015) . Briefly, the OTUs that had a relative abundance of > 1% within a replicate and had a mean relative abundance of > 0.1% within all replicates were defined as abundant OTUs. The OTUs that had a relative abundance of < 0.01% within a replicate and had a mean relative abundance of < 0.001% within all replicates were defined as rare OTUs.
Results
Alpha-diversity
The wide range of eukaryotic plankton taxa were recovered from the studied reservoirs by this sampling. A total of 10965 OTUs were detected from 1728000 high-quality reads for all samples (36000 reads per replicate sample) at 97% sequence identity level. In all, 9520 and 9594 OTUs were identified from > 0.2 μm and 0.2-200 μm size-fractionated plankton communities, respectively. These data were the result of examining the reads of more than 1.7 million V9 rDNA reads from the pooled data set after sequence cleanup and quality control ( Supplementary Fig. S1 ). Individual-based rarefaction curves, nonparametric asymptotic estimators (Chao 1 and ACE) and Good's coverage confirmed that the relatively abundant fraction of plankton communities was well sampled, thus allowing extraction of general patterns of plankton communities from our data set (Supplementary Table S2 ).
The alpha-diversity (including OTU number, Chao 1, ACE, Shannon-Wiener diversity index, Simpson diversity index, and Pielou evenness index) of all, abundant, and rare eukaryotic communities did not show significant differences between the four seasons of two reservoirs after pre-filtering of 200 μm pore-size sieve (nonparametric Mann-Whitney test, Table 1, Supplementary Tables S3, S4 and S5) .
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This article is protected by copyright. All rights reserved. Table S6 ). Further, we randomly selected subsets of 100, 500, 1000, 5000, 10000, 20000, 30000 and 36000 cleaned reads from each replicate to test the effect of sequence depth on the shared OTUs. We found that the greater the number of sequence reads obtained, the higher the proportion of shared OTUs (Table 3 ), demonstrating that increasing sequencing depth per sample can lead to a more prominent increase in the number of shared OTUs than the number of unique OTUs.
Shared and unique OTUs
Beta-diversity
We found the spatiotemporal patterns of > 0.2 μm eukaryotic plankton metacommunities in the reservoirs exhibited a remarkable similarity with the patterns for the 0. 
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Relative abundance of reads at phylum or OTU levels
The > 0.2 μm plankton showed a similar relative abundance of reads with the 0.2-200 μm eukaryotic communities at the phylum or higher taxonomic rank in both reservoirs (Mann Whitney test, P > 0.05, Fig. 2 ). In total, ~22% reads were affiliated with the arthropoda and ~18% reads were affiliated with unclassified eukaryotes in both size fractions. 
Influence of environmental factors on community dynamics
The environmental factors that significantly impacted the spatiotemporal variation of > 0.2 μm and 0.2-200 μm eukaryotic plankton communities were almost identical (Table 4) 
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between the > 0.2 μm and 0.2-200 μm size fractions when all OTUs with < 10 reads and OTUs with < 50 reads were removed, respectively (Supplementary Table S7 ).
More importantly, despite differences in the absolute numbers of OTUs obtained from the 97% and 99% sequence similarity thresholds, the diversity patterns and relative abundance of reads at the phylum or OTU levels obtained from the 99% threshold were almost identical with the results obtained from the 97% threshold ( Supplementary Figs. S3 , S4 and S5; Table   S8 ). As the choice of threshold had no apparent effect on our overall results and conclusions, we focused our following discussion about the results obtained from the 97% similarity threshold.
Discussion
Our results showed that the observed species richness (number of OTUs), the estimated species richness (e.g. Chao 1 and ACE), the species diversity (e. Jones et al. 2013; Liu et al. 2013 ). However, it should be noted that about 50% of the variation in the eukaryotic community composition cannot be explained at present. This unexplained variation could be related to other variables not measured here, such as cellular lysis by virus, fish grazing and other abiotic factors (Christoffersen et al. 1993; Brussaard 
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). An alternative explanation is that random processes play a much larger role in the ecology and evolution of microorganism than they do for larger better studied taxa (Bonner 2013 ).
We found some extremely rare OTUs showed difference between the two size fractions.
For example, about 15% OTUs were unique between the > 0.2 μm and 0.2-200 μm plankton communities, but these unique OTUs only represented about 0.3% of the total reads in both > 0.2 μm and 0.2-200 μm plankton communities (Table 2) . Similarly, the mean relative abundance of reads in 0.8% OTUs (89/10965) had a significant difference between the > 0.2 μm and 0.2-200 μm plankton communities, but all these OTUs only represented less than 0.05% of the total reads (Fig. 3) . The likely reason for the differences in OTU composition and abundance between the two size-fractions is that our sequencing depth made detection by sequencing of rare eukaryotes far less predictable (Kuczynski et al. 2010 ). If we removed the low abundance OTUs with < 50 reads, all the OTUs were fully shared between the > 0.2 μm and 0.2-200 μm plankton communities (Table 2) . Further, when we investigated the effects of sequencing depth on the results of shared OTUs, again we found that the more sequence obtained, the higher the proportion of shared OTUs were (Table 3) . It is very difficult to detect all eukaryotic species based on the current 2 nd generation sequencing method.
Recently, de Vargas et al. (2015) showed that sequencing of about 1.7 million V9 rDNA reads from each of the 334 plankton samples was sufficient to approach saturation of eukaryotic richness, but there were still 1.2 novel metabarcodes in every new one hundred thousand rDNA reads sequenced (1.2/100000) at the global scale. Therefore, there were always some extremely rare OTUs which cannot be detected and this resulted in the differences in low-abundance OTU composition and relative abundance between the > 0.2 μm and 0.2-200 μm plankton communities based on the current 2 nd generation sequencing method. This near impossibility of sampling the entire rare biosphere in a lake is an insight that predates modern molecular methods (Hutchinson 1964) , and indeed was an even larger problem for microscopy based approaches. However, our results can reflect the dynamics of natural communities which were pre-filtered by a 200 µm pore-size sieve. At least, 99.2%
OTUs which account for 99.95% abundance of reads in communities changed
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non-significantly after pre-filtering by a 200 pore-size sieve (Fig. 3) . Clearly, our results suggest that the pre-filtering with a 200 μm pore-size sieve has no significant impact on both alpha and beta diversities of the eukaryotic plankton in reservoirs, as well as community structure (including OTU number and OTU relative abundance).
Given that about 25% reads and 11% OTUs were classified as metazoa in both size fraction groups (most of these were affiliated with arthropoda), it is interesting that the eukaryotic diversity was not affected by a 200 μm pre-filtering. One obvious explanation for this is that our high-throughput sequencing (HTS) is mainly detecting larger metazoa (arthropods) as eDNA rather than as DNA in intact organisms (Thomsen & Willerslev 2015) .
Recently there has been a growing interest in using eDNA from water samples as a method of surveying for rare organisms -including vertebrates such as fish or amphibians (Ficetola et al. 2008; Thomsen et al. 2012; Rees et al. 2014 ). Although we only sampled small volumes of water, our sequencing identified a Chinese longsnout catfish (Leiocassis longirostris) from both sized fractions. If, as we suspect, eDNA is an important part of the explanation it also raises questions about just how much of the microbial DNA detected was eDNA rather than DNA in intact organisms. As eDNA ultimately comes from live organisms there will be correlations between actual (or recent) microbial population sizes and the amount of eDNA (Dejean et al. 2011; Pawlowski et al. 2011; Thomsen et al. 2012 ). However, in ecological studies we will often want to quantify the living organisms and eDNA may be a complication, or contamination, in doing this via DNA sequence-based studies (Shokralla et al. 2012) .
Also, species-specific amplification behaviors and water parameters strongly impact PCR efficiencies and therefore prohibit quantitative measurement by eDNA (Engelbrektson et al. 2010 ). In addition, alternative explanations for the lack of significant impact of pre-filtering are that the eukaryotic irregular body forms, complex cell shapes, colony forms, complex cell cycles, and ontogenic processes (egg, sporocyst and larvae) allow them pass through the 200 μm mesh sieve (Logares et al. 2014) . Several previous studies also support this point of view. 
This article is protected by copyright. All rights reserved. There are some potential limitations that merit further discussion. We consider the water sample volume may affect the representation of the large eukaryotic plankton (e.g. mesozooplankton) community. We just collected ~500 mL water on a 0.2 μm pore-size polycarbonate membrane for the eukaryotic plankton analysis, because the density of microorganisms and other particles is much higher in the reservoirs than in the pelagic ocean (Pesant et al. 2015) . The average transparency during our sampling period was less than 2 m, and it took nearly one hour to filter 500 mL water on a membrane. Hence, we think most of the eukaryotic plankton has been collected in our samples. Although the V9 region of 18S rRNA gene has been widely used in high-throughput sequencing analyses of eukaryotic diversity (de Vargas et al. 2015) , the taxonomic resolution of this V9 region marker is relatively lower than the entire 18S hypervariable regions (Harder et al. 2016) . For example, we found about 18% of reads were affiliated with unclassified eukaryotes at 97% sequence similarity threshold. In this study, however, we did not focus on the exact taxonomy. The evaluation of reduced taxonomic resolution for the V9 region seems to go beyond the scope of this study. Nevertheless, the 18S V1-V2 and V4 regions and COI gene should be combined with 18S V9 region to obtain a high taxonomic resolution in future studies . Given the short length (100-150 bp) and relatively reduced variability of the V9 region (Harder et al. 2016) , we used a 99% OTU similarity threshold to avoid clustering together congeneric species. We did find the trend of results (diversity) obtained from both 97% and 99% similarity thresholds was almost identical (Supplementary Figs S3, S4 and S5;   Tables S7 and S8 ).
In general, our study gives a novel insight on the traditional size fraction-DNA sequencing method for eukaryotic plankton communities. It is difficult to directly compare our study with previous HTS studies, because most of previous studies focused on totally 
This article is protected by copyright. All rights reserved. Abad et al. 2016) . However the two size-fractions in our studies are overlapping (i.e. > 0.2 µm vs. 0.2-200 µm). Therefore, our design provides a better way to analyze the effect of size-fraction filtering on plankton community. However, given that these previous studies also found lots of metazoa in small fractions, it can be speculated that some large protists or fungi will remain in small fractions. Our work thus provides strong evidence that the traditional size-fractionated filtering fails when used in SSU rDNA-based high-throughput sequencing studies, probably because of eDNA contamination, irregular body forms of large eukaryotes, etc. in natural water samples. Directly targeting SSU rRNA instead of its genes may present an alternative approach. This method can indicate ribosomes and thus can reflect living biomass and can separate DNA within viable organisms from eDNA (Geisen et al. 2015) . In addition, there is also clearly still an important role for microscopy to visually confirm the presence of organisms in water samples in addition to molecular approaches .
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Conclusion
We compared the diversity and community composition of eukaryotic plankton between > 0.2 µm and 0.2-200 µm size fractions using high-throughput sequencing. We found about 25% sequence reads were classified as metazoan in both size-fractions communities from the Shidou and Hubian reservoirs. The species richness, alpha and beta diversities of plankton communities and relative abundance of 99.2% eukaryotic OTUs showed no significant changes after pre-filtering by a 200 μm pore-size sieve in the two subtropical reservoirs. Our results further demonstrated a higher level stability in the abundant OTUs than in the low-abundance OTUs under deeper sequencing conditions. This was most likely due to the presence of eDNA from metazoa in our water samples or irregular body forms of large eukaryotes. In contrast, only a tiny minority of extremely rare OTUs (0.8% of the total OTUs and less than 0.05% of the total reads) showed difference in occurrence and/or relative abundance between the two size fractions. Therefore, we conclude that SSU rDNA-based size-fractionated filtering, at least 200 μm pore-size filtering, is unable to discern microeukaryotic plankton from large organisms in the reservoirs. More effective and
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complementary approaches should be considered as a supplement for future ecology studies on microeukaryotic plankton such as microscopy and SSU rRNA sequencing rather than just relying on rDNA-based molecular approaches.
Data accessibility
All raw sequence data from this study have been deposited in the public NCBI database (http://www.ncbi.nlm.nih.gov/) under the accession number SRP062446. Both OTU table and environmental data were uploaded under Dryad doi: http://dx.doi.org/10.5061/dryad.4m7m1. 
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This article is protected by copyright. All rights reserved. mean and standard error (n = 24), respectively. Undetermined -unclassified eukaryotes (sequence similarity > 80%). The eukaryotic plankton groups were classified according to Adl et al. (2012) , note that the Silva annotation is not entirely identical with Adl et al. (2012) . 
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This article is protected by copyright. All rights reserved. similarity matrix data (i.e. 276 pairwise combinations for the 24 replicate samples in each size-fraction); the ρ value indicates the correlation coefficient, and the black line is y = x. error, respectively. Undetermined -unclassified eukaryotes (sequence similarity > 80%). The eukaryotic plankton groups were classified according to Adl et al. (2012) , note that the Silva annotation is not entirely identical with Adl et al. (2012) . Table 1 Comparison of OTU number, Shannon-Wiener, Simpson and Pielou indices between the > 0.2 μm (n = 3) and 0.2-200 μm (n = 3) eukaryotic plankton samples Table 2 The OTUs and reads that are unique and shared between the > 0.2 μm (n = 24) and 0.2-200 μm (n = 24) eukaryotic plankton communities from Shidou and Hubian reservoirs Table 3 The OTUs that are unique and shared between the > 0.2 μm (n = 24) and 0.2-200 μm (n = 24) communities after a randomly selected subsets of 100, 500, 1000, 5000, 10000, 20000, 30000, and Table 4 The environmental factors that significantly correlated with spatiotemporal variation of > 0.2 μm and 0.2-200 μm eukaryotic plankton communities 
